Photosynthetic acclimation to highly variable local irradiance within the tree crown plays a primary role in determining tree carbon uptake. This study explores the plasticity of leaf structural and physiological traits in response to the interactive effects of ontogeny, water stress and irradiance in adult almond trees that have been subjected to three water regimes (full irrigation, deficit irrigation and rain-fed) for a 3-year period (2006-08) in a semiarid climate. Leaf structural (dry mass per unit area, N and chlorophyll content) and photosynthetic (maximum net CO 2 assimilation, A max , maximum stomatal conductance, g s,max , and mesophyll conductance, g m ) traits and stem-to-leaf hydraulic conductance (K s-l ) were determined throughout the 2008 growing season in leaves of outer south-facing (S-leaves) and inner northwest-facing (NW-leaves) shoots. Leaf plasticity was quantified by means of an exposure adjustment coefficient (ε = 1-X NW /X S ) for each trait (X) of S-and NW-leaves. Photosynthetic traits and K s-l exhibited higher irradiance-elicited plasticity (higher ε) than structural traits in all treatments, with the highest and lowest plasticity being observed in the fully irrigated and rain-fed trees, respectively. Our results suggest that water stress modulates the irradiance-elicited plasticity of almond leaves through changes in crown architecture. Such changes lead to a more even distribution of within-crown irradiance, and hence of the photosynthetic capacity, as water stress intensifies. Ontogeny drove seasonal changes only in the ε of area-and mass-based N content and mass-based chlorophyll content, while no leaf age-dependent effect was observed on ε as regards the physiological traits. Our results also indicate that the irradiance-elicited plasticity of A max is mainly driven by changes in leaf dry mass per unit area, in g m and, most likely, in the partitioning of the leaf N content.
Introduction
Leaf phenology, structure and photosynthetic function define how much carbon a plant fixes during the growing season and, consequently, any change in either of these factors will substantially affect carbon gain. These factors are known to display a wide degree of variability (i.e., plasticity) in response to abiotic variables such as the amount of incident irradiance (Valladares et al. 2000 , Robakowski et al. 2003 , Coste et al. 2010 or water stress (Reich et al. 1989 , Egea et al. 2011a . Fruit tree species also exhibit large seasonal variations of leaf structural and photosynthetic traits, as observed in oaks (Wilson et al. 2000) and in almond trees ). Knowledge of the role that ontogeny, irradiance, water stress and their interactions play in modulating leaf structure and physiological function is therefore important for assessing the productivity of fruit tree orchards (Mirás-Ávalos et al. 2011) and for characterizing the impact of agronomic practices (e.g., pruning strategy, deficit irrigation) or climate change scenarios (IPCC 2007) on canopy carbon acquisition.
A large body of work has established that the photosynthetic capacity of leaves acclimates to growth irradiance through changes in structural and physiological traits, including, leaf dry mass per unit area (M a ), leaf chlorophyll and nitrogen content and photosynthetic capacity (Rijkers et al. 2000 , Valladares et al. 2000 , Le Roux et al. 2001 , Robakowski et al. 2003 , Aranda et al. 2005 , Warren et al. 2007 , Coste et al. 2009 . The influence of within-crown irradiance gradients on leaf structural and photosynthetic traits has been described previously in several fruit tree species such as peach (Rosati et al. 1999 , Le Roux et al. 2001 , Walcroft et al. 2002 and walnut trees (Le Roux et al. 1999 . However, the mechanisms of photosynthetic light acclimation do not seem to be universal, as they differed in these two species. While acclimation resulted primarily from changes in M a in walnut trees (Le Roux et al. 1999) , in peach trees acclimation resulted mainly from changes in M a and leaf N partitioning (Le Roux et al. 2001) .
Water stress is known to influence the potential for photosynthesis acclimation to irradiance (Osmond 1983 , Craven et al. 2010 . The impact of irradiance × water stress interactions on leaf traits has been assessed in studies of several tree species. Quero et al. (2006) observed that the impact of drought on the photosynthetic rate was higher in two deciduous Quercus species grown under high irradiance, whereas the influence of shade on the photosynthetic rate was more pronounced when the water supply was not restricted. Guidi et al. (2008) also observed a higher impact of water stress on the photosynthetic rate and on stomatal conductance in sunlit than in shaded plants of Ligustrum vulgare L. Niinemets et al. (1999) found that stomatal conductance under conditions of severe water stress was lower in the upper (sunlit) than in the lower (shaded) canopy in plants of Populus tremula L. and Tilia cordata Mill. In Prunus persica L. Batsch, Neri et al. (2003) reported that irradiance played an important role in the competition for water among sun and shade leaves and that this led to a reduction in the adaptive response of shade leaves to water stress.
The issue addressed in this paper deals with the plastic response of leaf traits to within-crown irradiance variability under several water stress regimes of a drought-tolerant fruit tree species, the almond tree (Prunus dulcis (Mill.) D. A. Webb). Almond trees survive in arid areas due to their tolerance to soil water restriction through osmotic adjustments, stomatal regulation, leaf rolling and shedding, and increases in rooting depth (Castel and Fereres 1982 , Catlin 1996 , Torrecillas et al. 1996 , Goldhamer and Viveros 2000 , Lampinen et al. 2004 , Matos et al. 2004 . They also respond strongly to any supplementary supply of water (irrigation), with drastic changes in tree volume and architecture. In irrigated orchards, the amount of water supplied has a pronounced effect on almond crown leaf area and volume (Fereres et al. 1981 , Klein et al. 2001 , Egea et al. 2010 ) and therefore on light interception (Castel and Fereres 1982, Klein et al. 2001 ) and on crop yield (Hutmacher et al. 1994) . Deficit irrigation (DI) applied during three consecutive years (irrigating at 50% of crop water requirements) has been reported to reduce by ~35% the increase in crown volume over the same period with respect to fully irrigated (FI) trees, whereas the reduction is expected to be twice as large under rain-fed conditions (Egea et al. 2010) . These water-stressdriven variations in crown leaf area and volume may affect the spatial distribution of irradiance within the tree crown (Lampinen et al. 2004 ) which, in turn, may modify the irradiance-elicited plasticity of almond leaf traits compared with FI trees. An important result reported in P. persica is that the relationship between the absorbed quantum irradiance (PPFD a ) and M a is not linear (Le Roux et al. 2001) , due to the insensitivity of M a to PPFD a above a threshold value (Walcroft et al. 2002) . This raises the question as to whether or not water-stress-driven changes in crown architecture, and hence in within-crown irradiance distribution, are sufficient to drive differences in irradiance-elicited acclimation of almond leaf traits among irrigation regimes. To our knowledge, no study on this type of water stress × irradiance interaction has been reported for almond trees. Acquiring more knowledge on leaf trait plasticity to both water stress and local irradiance is important for understanding the adaptive mechanisms developed by drought-tolerant species in response to prolonged drought or to irrigation. It is also important for quantifying the impact of water stress and local irradiance on canopy carbon acquisition.
Based on the above, the first issue of the study was to assess to what extent leaf structural and physiological traits of a drought-tolerant species like the almond tree acclimate to within-crown irradiance heterogeneity, with special focus on the mechanisms involved in photosynthetic light acclimation. The second issue was to evaluate how water stress, through changes in crown architecture and interactions with irradiance level and leaf ontogeny, modulate irradiance-elicited acclimation of almond leaf traits. Both issues are central to elucidating the role of physiological adjustments made by drought-tolerant tree species to cope with water scarcity and optimize the photo synthetic use of leaf resources across large gradients of water availability and light. To this end, we characterized and analyzed during the last year of a long-term experiment the seasonal trend of leaf structural and physiological attributes of outer south-facing (sun) and inner northwest-facing (shade) fruit-bearing shoots (hereafter named S-and NW-leaves) in almond tree crowns. The trees were subjected to three contrasting water regimes: full irrigation (FI), sustained deficit irrigation (DI) and rain-fed (NI).
Material and methods

Site description
The study was conducted in a 9-year-old almond orchard (Prunus dulcis (Mill.) D. A. Webb cv. Marta, grafted on Mayor rootstock), planted at a spacing of 6 m × 7 m and located at the Agricultural Experimental Station of the University of Cartagena (37°35′N, 0°59′W) . A schematic representation of the stages of development of almond trees at the same location can be found in Nortes et al. (2009) . The measurement period covered the stages of rapid vegetative growth (VG, from early April to early June) and kernel-filling (KF, from June to harvest at the end of August). The climate at the site is Mediterranean, characterized by warm and dry summers and mild winters. Mean values of annual temperature and precipitation determined over 20 years at a nearby weather station are 18.3 ± 0.9 °C and 355 ± 90 mm, respectively. In 2008, the annual rainfall and reference crop evapotranspiration (ET o ), calculated using the FAO-Penman-Monteith equation (Allen et al. 1998) , computed 446 and 1210 mm, respectively. The soil is deep, with a silt-clay-loam texture and available water-holding capacity of ~0.18 m m −1 .
Irrigation regimes
Three water treatments were applied for three consecutive years (2006-08): (i) FI (irrigated at 100% of standard crop evapotranspiration, ET c ), (ii) sustained DI (irrigated at 50% ET c throughout the growing season) and (iii) NI treatment. They followed a completely randomized statistical design with three replicates per treatment and 12 trees per replicate. The study was carried out during the last growing season (2008) . Irrigation water was supplied by means of a single drip line equipped with six pressure-compensated drippers (8 l h −1 per dripper) per tree. The electrical conductivity of irrigation water was 1.2 dS m −1 with no salinity risk for this species. Trees were managed according to current commercial practices (i.e., a routine pesticide program was maintained, pruning was applied manually in December and no weeds were allowed to grow in the orchard). The annual amount of water applied to FI and DI was 770 and 339 mm, respectively, for the 2008 growing season and an average of 704 and 326 mm for the period 2006-08.
Measurements
Tree size Measurements of trunk diameter and tree height were performed in February 2008 by tape-measure and scaled poles, respectively.
Crown leaf area and irradiance level
Crown leaf area (L C ) was determined indirectly by means of an LAI-2000 Plant Canopy Analyzer (Li-Cor, Lincoln, NE, USA) during the KF stage, when shoot and leaf growth had practically stopped (Egea et al. 2010) . In order to reduce experimental errors, measurements were carried out early in the morning when diffuse radiation was dominant and the scattering of direct sunlight from the foliage was negligible. The measurement protocol for single trees is described in the LAI-2000 instruction manual (Li-Cor, 1992) . The method requires determining path lengths and canopy volume, for which the FV2000 software (Li-Cor) was used. As the LAI-2000 sensor does not discriminate among foliar and non-foliar (i.e., branches) elements, the calibration equation derived by Egea (2008) for this species was used to correct the LAI-2000 estimates of L C .
Measurements were performed on two leaf classes: leaves located at the south periphery of the tree crown (S-leaves) and leaves of northwest-facing inner shoots (NW-leaves) that were exposed to substantially lower irradiance than S-leaves. The incident photosynthetic photon flux density (PPFD) was measured by a lineal PPFD sensor (model EMS 7, PP-systems, Amesbury, MA, USA). Measurements were performed at midday on four sunny days during the measurement period.
Leaf structural traits
In what follows, the subscripts m and a, respectively, refer to mass-and area-based values. Leaf nitrogen content (N) and relative chlorophyll content were measured fortnightly (from April to August) at the two locations in fully expanded leaves attached to fruit-bearing shoots. Samples were taken in three replicates per treatment and leaf class in the early morning and immediately weighed to obtain the leaf fresh mass (L FM ). Leaf dry mass (L DM ) and leaf area (L) were also determined for each sample. L was measured using an area meter (LI-3100 Leaf Area Meter, Li-Cor).
Leaf N content was determined after Kjeldahl digestion of leaves, which had been oven-dried at 80 °C for 48 h, weighed and carefully ground. For each leaf class, values of the leaf N content were either reported relative to the total leaf area (N a , in g N m −2 leaf ) or as a proportion of leaf dry mass (N m , in g N g −1 DM ). The relative chlorophyll content was determined by a Minolta SPAD-505 chlorophyll meter (Spectrum Technologies, Plainfield, IL, USA), provided with two LEDs emitting through a leaf sample at the red (~650 nm) and infrared (~940 nm) wavelengths. The measurement in the red was associated with the absorption of chlorophyll, whereas that in the infrared was used as a reference (Markwell et al. 1995) . Three SPAD measurements per leaf were taken between the base and the apex and subsequently averaged.
The relationship between SPAD readings and leaf chlorophyll content was derived from measurements taken in June and August. Leaf discs were collected from S-and NW-leaves for which SPAD readings were previously recorded. After the leaf discs of each individual sample had been ground in 80% acetone, the total chlorophyll content on a fresh mass basis (Chl, mg g −1 FM ) was determined using a spectrophotometer (UV-1603 Shimadzu, Kyoto, Japan) at 652 nm, following the equation proposed by Hiscox and Israelstam (1979) . SPAD readings and laboratory measurements of Chl fitted well for all the treatments and leaf classes (C T = 0.119 SPAD −1.95; R 2 = 0.95). In the following, Chl is given either on an area basis (Chl a , mg m −2 leaf ) or on a leaf dry mass basis (Chl m , mg g −1 DM ).
Leaf gas exchange
Leaf gas exchange was measured fortnightly from April to August on S-and NW-leaves selected following the criteria described for leaf structural traits. At least eight leaves per treatment and leaf class were measured. Maximum net CO 2 assimilation (A max ) and maximum stomatal conductance (g s,max ) were measured at PPFD ≈ 1500 µmol m −2 s −1 , near constant ambient CO 2 concentration (C a ≈ 380 µmol mol −1 ) and leaf temperature (T leaf ≈ 30 °C) with a portable gas exchange system CIRAS2 (PP Systems, Hitchin, Hertfordshire, UK). The desired PPFD was provided using an internal red/blue LED light source (PC 069-1). C a was controlled using the CIRAS2 injection system and compressed CO 2 cylinders. The preset value of T leaf was controlled by the CIRAS2 system using an external power source (12 V DC). In the following, area and dry mass-based values of A max are denoted as A max,a (µmol m −2 leaf s −1 ) and A max,m (µmol g −1 DM s −1 ), respectively. Maximum photosynthetic nitrogen-use efficiency, PNUE max , and intrinsic water use efficiency, WUE i , were computed as A max,a /N a (µmol g −1 N s −1 ) and A max,a /g s,max (µmol mol −1 ) , respectively.
Mesophyll conductance
Mesophyll conductance to CO 2 diffusion (g m , mol m −2 leaf s −1 ) was determined from simultaneous measurements of leaf gas exchange and chlorophyll fluorescence using the portable gas exchange system CIRAS2 and a FMS2 pulse-modulated fluorometer (Hansatech Instruments Ltd, Norfolk, UK). Measurements were made during the KF stage on at least eight leaves per treatment and leaf type (i.e., S-and NW-leaves). The determination of g m followed the 'constant J method' (Bongi and Loreto 1989, Harley et al. 1992) as described in Egea et al. (2011a) .
Tree water status
Midday stem water potential (Ψ md ) was measured fortnightly between April and August with a Scholander-type pressure bomb (Model 3000, Soil Moisture Equipment, Santa Barbara, CA, USA) following the recommendations by Hsiao (1990) . Measurements were performed on at least four leaves per replicate. For Ψ md determination, selected leaves near the trunk were wrapped in small black polyethylene bags and covered with silver foil at least 2 h before measurement.
Stem-to-leaf hydraulic conductance
Stem-to-leaf hydraulic conductance (K s-l ) was estimated by the evaporative flux method (Brodribb and Holbrook 2003) . Measurements were carried out during the KF stage on at least two trees per replicate and on both S-and NW-leaf classes. Under steady-state conditions K s-l was calculated according to Ohm's law analogy:
where E is the leaf evaporative flux (mmol m −2 s −1 ) and ΔΨ is the water potential drop (MPa) across the stem-leaf pathway. E was measured with the CIRAS2 gas exchange system at ambient PPFD. ΔΨ was obtained as the difference between stem water potential (Ψ s ) and leaf water potential (Ψ l ), both determined with a Scholander-type pressure bomb (Model 3000, Soil Moisture Equipment). The leaves for E determination were also used for Ψ l determination. Ψ s was measured by applying the method of bagged (non-transpiring) leaves, whose water potential is presumed to be in equilibrium with the xylem water potential of the shoot proximal to the petiole. The leaves used for Ψ s determination, enclosed in plastic bags and covered with silver foil for at least 2 h prior to the measurements, were placed next to the leaves used for E and Ψ l determinations.
Exposure adjustment coefficient (ε)
The response of a leaf trait X to shoot exposure to irradiance was characterized by the exposure adjustment coefficient (ε), similar to the shade adjustment coefficient used to characterize the plastic response to shade (Laisk et al. 2005) , calculated as
where X S and X NW are the values measured on the south and northwest-facing shoots, respectively. According to this equation, ε is positive when X NW is smaller than X S and negative when X NW is higher than X S .
Statistical analysis
Linear regressions between leaf structural and physiological traits were compared by analysis of covariance to evaluate significant differences between slopes and non-zero intercepts due to treatment and/or leaf class effects. Differences between water regimes and shoot exposure to irradiance were analyzed by two-way analysis of variance. Post hoc pairwise comparison between all means was performed by Duncan's multiple range test. All the analyses were carried out using Statgraphics software (Statgraphics Plus for Windows Version 4.1). 
Results
Tree growth, irradiance level and water status
Mean trunk diameter at the beginning of the measurement period (March 2008) was 19.9 ± 0.38 cm in FI, 17.9 ± 0.4 cm in DI and 16.1 ± 0.18 cm in NI trees. At the same period, canopy height was 3.98 ± 0.04 m in FI, 3.18 ± 0.05 m in DI and 2.94 ± 0.13 m in NI, whereas crown leaf area, determined at the end of the vegetative growth stage (June 2008), was 122.9 ± 7.1 m 2 tree −1 in FI, 72.3 ± 1.9 m 2 tree −1 in DI and 43.1 ± 4.1 m 2 tree −1 in NI. Midday measurements of incident quantum irradiance (PPFD) taken on S-and NW-leaves ( Figure 1 ) were used to derive the exposure adjustment coefficients for PPFD (ε PPFD ) in FI, DI and NI trees. It should be noted that e PPFD is used here as a proxy of within-canopy light environment and that long-term measurements by quantum sensors or hemispherical photography would have provided a more accurate quantification of the light gradients (Niinemets et al. 1999 , Rosati et al. 1999 . ε PPFD remained relatively constant during the growing season in all three treatments, with mean seasonal values of 0.62, 0.50 and 0.25 in FI, DI and NI, respectively (data not shown). These results indicate that the horizontal within-crown irradiance gradients are substantially smaller in the NI trees than in the other two treatments, and that incident PPFD on NW-leaves was, on average, 12 and 37% higher in DI and NI trees, respectively, than in FI trees. The effects of long-term severe drought on plant water status were apparent from the beginning of the measurement period. The FI trees maintained relatively high Ψ md values throughout the growing season (mean value of -1.1 MPa), while Ψ md gradually declined in DI and NI trees, reaching minimum values of ~-2.2 and -3.1 MPa, respectively, by the end of the measurement period (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Seasonal trend of leaf structural traits
Leaf dry mass per unit area (M a = leaf thickness × leaf density) showed a sustained increase throughout the growing season, irrespective of the treatment and leaf class (Figure 2a  and b) . The upward trend of M a was concomitant with a significant increase in the leaf fresh mass per unit area (up to 20% in FI) and in leaf dry-to-fresh mass ratio L DM /L FM (20-25%) (data not shown), the latter considered as a surrogate of leaf density (Niinemets et al. 2005) . Likewise, L DM /L FM was little affected by local irradiance in all the treatments (P > 0.30), suggesting that the higher M a of S-leaves is due to greater leaf thickness.
The mass-based leaf nitrogen content (N m ) showed a downward trend irrespective of the treatment and leaf class (Figure 2d and e), with a mean reduction of ~25-30% between VG and KF stages (see Tables S1 and S2 available No significant differences in mean mass-based leaf total chlorophyll content (Chl m ) were observed between growth stages in any of the leaf classes (Figure 2g and h; see Tables  S1 and S2 available Tables S1 and S2 available 
Irradiance plasticity of leaf structural traits
Local irradiance (shoot exposure) had a moderate impact on M a , as ε M a was lower than 0.20 throughout the growing cycle (Table 1, Figure 2c) . Although ε M a tended to be somewhat lower in FI than in the deficit treatments (Figure 2c) , no significant effect of water stress (Table 1) or growth stage was observed on mean ε M a (Table 1) .
N m tended to be higher in S-than in NW-leaves but mean ε N m values were somewhat lower than those observed for ε M a (Table 1 ). ε N m was not affected by water stress but showed a marked seasonal effect, reaching near zero values during the KF stage (Table 1; Figure 2f ). Due to the higher M a and N m observed in S-than in NW-leaves, mean N a was higher in the former (see Tables S1 and S2 available . Abbreviations: S-and NW-leaves were obtained from fruit-bearing shoots located at the south and at the northwest sides, respectively, of the tree crown; FI, full irrigation; DI, sustained deficit irrigation; NI, non-irrigated. Table 1 . Mean values of the exposure adjustment coefficient (ε) of various leaf structural and physiological traits for each treatment (FI: full irrigation; DI: deficit irrigation; NI: rain-fed) and for each growth stage (VG: vegetative growth; KF: kernel-filling). M a (g m −2 ): leaf dry mass per unit area; N m (g N g −1 ) and N a (g N m −2 ): mass-based and area-based leaf nitrogen content, respectively; Chl m (mg g −1 ) and Chl a (mg m −2 ): mass-based and area-based leaf chlorophyll content, respectively; A max,m (µmol g −1 s −1 ) and A max,a (µmol m −2 s −1 ): mass-based and area-based maximum net CO 2 assimilation rate, respectively; g s,max (mmol m −2 s −1 ): maximum stomatal conductance; PNUE max (µmol g N −1 s −1 ): maximum photosynthetic nitrogen use efficiency (A max,a /N a ); WUE i (µmol mol −1 ): intrinsic water use efficiency (A max,a /g s,max ). Figure 2i ). ε Chl a tended to be higher in the deficit treatments than in FI during the VG stage (Table 1) . As expected, the Chl m /N m ratio was not affected by local irradiance but was significantly reduced in S-and NW-leaves of the NI treatment (~18 and 20%, respectively, during KF, P < 0.05) compared with the values in FI and DI (data not shown).
Seasonal trend of leaf physiological traits
Both area-based (A max,a ) and mass-based (A max,m ) lightsaturated net photosynthesis were stage-dependent, as their mean values were significantly lower in the KF stage than in the VG stage for the two leaf classes (Figure 3a and b ; Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). Water stress significantly decreased A max,a and A max,m as the growing season progressed, with a more marked decrease in S-leaves (see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). PNUE max showed a similar seasonal response to A max,a and A max,m (Figure 3g and h; see Tables S1 and S2 available 
as Supplementary Data at Tree Physiology Online).
Unlike A max,a and A max,m , light-saturated stomatal conductance (g s,max ) did not appear to be growth stage-dependent in any of the leaf classes (Figure 3d and e) . Water stress significantly decreased g s,max throughout the growing season. Water stress also reduced g m in both S-and NW-leaves (Figure 4a) . In S-leaves, g m was ~35 and 81% lower in DI and NI, respectively, than in FI, whereas the respective reductions in NW-leaves were ~26 and 66%.
Stem-to-leaf hydraulic conductance (K s-l ) determined during the KF stage was significantly lower in S-leaves of DI and NI compared with FI, whereas K s-l was unaffected by water stress in NW-leaves (Figure 4b) .
Intrinsic water use efficiency (WUE i = A max,a /g s,max ) increased with the severity of water stress in both S-and NW-leaves (see Tables S1 and S2 available ) and (g and h) maximum nitrogen use efficiency (PNUE max ) in (a, d and g) S-leaves (left panels) and in (b, e and h) NW-leaves (central panels). Seasonal trends of the exposure adjustment coefficient (ε) for A max,a (c), g s,max (f) and PNUE max (i). Abbreviations: S-and NW-leaves were obtained from fruit-bearing shoots located at the south and at the northwest sides, respectively, of the tree crown; FI, full irrigation; DI, sustained deficit irrigation; NI, non-irrigated. The error bars denote the standard error of the mean.
observed between the two leaf classes, irrespective of growth stage and irrigation regime (Table 1) .
Irradiance plasticity of leaf physiological traits
Local irradiance had a deep impact on both A max,a and A max,m (Figure 3a and b), with S-leaves presenting significantly higher values of A max,a and A max,m than NW-leaves. ε A max,a and ε A max,m were strongly influenced by water stress, with lower mean values in DI and NI than FI throughout the growing season ( Figure  3c ; Table 1 ). No stage-dependent effect was observed on ε A max,a and ε A max,m , but the interaction treatment × growth stage was significant for ε A max,a (Table 1) . Local irradiance affected PNUE max and g s,max similarly to A max,a and A max,m (Table 1, Figure  3f) , with DI and NI displaying lower mean ε PNUE max and ε g s,max than FI (Table 1) .
ε of A max,a , A max,m , g s,max and PNUE max presented a tight linear relationship with Ψ md (Figure 5 ). The four linear regressions showed similar (P > 0.05) slope, indicating that all have the same responsiveness to water stress. The intercepts were also similar, except for ε PNUE max , which showed a lower value (P < 0.05).
Except in NI, g m was significantly lower in NW-than in S-leaves (Figure 4a) , with mean ε g m reaching 0.62, 0.57 and 0.30 in FI, DI and NI, respectively. K s-l was also ~70% lower in NW-than in S-leaves of FI (Figure 4b ), resulting in a mean ε K s −1 of 0.70, 0.44 and −0.04 in FI, DI and NI, respectively.
Comparative response of irradiance plasticity of structural and physiological traits
Season-average ε values of the physiological traits (A max,a , A max,m , g s,max , g m and K s-l ) showed a downward trend with the intensity of water stress, whereas the season-average ε values of the structural traits (M a , N m and N a ) were quite similar among irrigation regimes and were substantially lower (within the range 0.01-0.18) than those of physiological traits (see Figure S2 available as Supplementary Data at Tree Physiology Online).
The differential response of leaf physiological and structural traits was clearly reflected by the relationship between seasonaverage ε values of the leaf traits and ε PPFD , that is, the relative local irradiance gradients ( Figure 6 ). While ε of the physiological traits (A max , g s,max , g m and K s-l ), expressed either on an area or mass basis, were positively related with ε PPFD (Figure 6a) , the corresponding values of ε of leaf structural traits did not show any clear correlation with ε PPFD (Figure 6b ).
Discussion
Plastic responses of leaf traits to local irradiance regime
Structural leaf traits Vertical canopy gradients in M a and N a have been observed to match the vertical gradients in irradiance (Niinemets and Tenhunen 1997 , Wilson et al. 2000 , Robakowski et al. 2003 , Montpied et al. 2009 ), while those of N m have been reported to be fairly constant (Ellsworth and Reich 1993 , Abrams and Mostoller 1995 , Wilson et al. 2000 , Rijkers et al. 2000 , Walcroft et al. 2002 , Montpied et al. 2009 ).
In our experiment, leaves grown under high irradiance (i.e., S-leaves) also had higher M a than those grown under low irradiance (i.e., NW-leaves) in all the treatments, as reported for other fruit tree species (DeJong and Doyle 1985 , Weinbaum et al. 1989 , Walcroft et al. 2002 . However, mean values of ε M a revealed that the irradiance-dependent plasticity of M a was low in all the treatments (within 0.08-0.18) ( Table 1 ). The L DM /L FM ratio (a surrogate of leaf density) was quite insensitive to local irradiance in all the treatments (data not shown), suggesting that leaf thickness was greater in S-leaves. Thicker leaves are likely to have more chloroplasts per unit of leaf area (Rieger and Duemmel 1992 , Evans and Poorter 2001 , Terashima et al. 2006 ) and hence a higher photosynthetic capacity, as previously observed in P. persica (Syvertsen et al. 1995) and in this study (Figure 3a and b ; Table 1 ).
Irradiance plasticity of almond leaf traits 457 Figure 4 . (a) Mesophyll conductance to CO 2 diffusion (g m ) determined over the kernel-filling stage (KF) in S-and NW-leaves of FI, DI and NI trees; (b) stem-to-leaf hydraulic conductance (K s-l ) determined over the kernel-filling stage (KF) in S-and NW-leaves of FI, DI and NI trees. Different upper-case letters within the same irrigation treatment indicate significant differences at P < 0.05. Within each individual leaf class (i.e., S-or NW-leaves), different lower-case letters indicate significant differences at P < 0.05.
The low plasticity of N m observed in response to local irradiance (Table 1) agrees with the results reported by Niinemets (1995) and Iio et al. (2005) and by Montpied et al. (2009) , who found a gradient of <10% N m across a beech canopy. Our results also agreed with previous studies on other fruit tree species, which reported that N m was marginally affected by local irradiance (Le Roux et al. 1999 , Rosati et al. 1999 , 2000 , Walcroft et al. 2002 . In contrast with the limited impact of irradiance on leaf N content, ontogeny significantly affected the seasonal time-course of N m (Figure 2d and e) . A similar response was previously reported for sun leaves of almond trees , Egea et al. 2010 . The observed decrease in N m over time may result from (i) the dilution of N in the leaf blade because of the accumulation of non-N compounds, or (ii) from N allocation to developing almond kernels, especially over the kernel-filling stage ). The fact that N m was strongly related to M a and to the ratio L DM /L FM (results not shown), a surrogate of leaf density (Niinemets et al. 2005) suggests that the age-dependent decline of N m was dominated by changes in leaf density due to the accumulation of non-photosynthetic compounds, although a concomitant allocation of N to developing kernels cannot be ruled out.
The plasticity of N a to local irradiance was similar to that of N m . Although moderate compared with other studies (e.g., 458 Egea et al. Figure 5 . Relationship between the exposure adjustment coefficient (ε) for (a) area-based maximum net CO 2 assimilation rate (A max,a ), (b) massbased maximum net CO 2 assimilation rate (A max,m ), (c) maximum stomatal conductance (g s,max ) and (d) maximum nitrogen use efficiency (PNUE max ) with midday stem water potential (Ψ md ) for FI, DI and NI trees. The error bars denote the standard error of the mean. Figure 6 . Relationship between mean seasonal values of the exposure adjustment coefficient for the incident PPFD (ε PPFD ) with the corresponding mean seasonal ε values for (a) area-(A max,a ) and mass-based (A max,a ) maximum net CO 2 assimilation rate, maximum stomatal conductance (g s,max ), stem-to-leaf hydraulic conductance (K s-l ), mesophyll conductance (g m ), and (b) leaf dry mass per unit area (M a ), area-(N a ) and mass-based (N m ) leaf nitrogen content, area-(Chl a ) and mass-based (Chl m ) total chlorophyll content. The solid lines represent the 1 : 1 relationship. The error bars denote ± SE. In the y-axis labels, ε X denotes the exposure adjustment coefficient for leaf trait X. Warren et al. 2007) , the observed differences in N a among leaf classes agreed with previously reported differences between sun and shade leaves in P. persica (Lloyd et al. 1992) . The finding that the total pool of leaf N (both area-and massbased) was marginally affected by water stress × irradiance interactions agrees with a previous work on Quercus suber L. (Aranda et al. 2005) .
Shade leaves generally have higher Chl m than sun leaves (Poorter et al. 1995 , Rijkers et al. 2000 , but in almond leaves Chl m was not affected by local irradiance (Table 1) . However, Chl a presented a degree of plasticity similar to M a (Table 1) , as corroborated by the strong positive relationship found between both variables when pooling data of S-and NW-leaves (results not shown). A larger chlorophyll content on an area basis in sun than in shade leaves was also reported by Montpied et al. (2009) and Demarez et al. (1999) in beech canopies, while Lichtenthaler et al. (2007) and Iio et al. (2005) did not observe this type of response.
Physiological leaf traits
The photosynthetic capacity of leaves is known to display a strong degree of plasticity in response to changes in irradiance within the canopy through a large variety of structural and physiological changes. Leaf photosynthetic capacity, as described by A max (both area-and mass-based), was more plastic to the irradiance regime than leaf structural traits (Table 1) . These results are consistent with Valladares et al. (2000) , who found an almost twofold higher plasticity in physiological than in morphological traits of 16 species of tropical rainforest shrubs, but disagree with the results reported by Coste et al. (2010) for 12 rainforest tree species. It is generally accepted that area-based A max increases with irradiance (e.g., Rijkers et al. 2000 , Warren et al. 2007 , Coste et al. 2009 , as confirmed by our results (Figure 3a and b; Table 1), whereas mass-based A max was either unaffected (Coste et al. 2010) or marginally increased (Rijkers et al. 2000) . In almond leaves, the plasticity of A max,m to local irradiance was high, although slightly lower than that of A max,a ( Table 1) . As A max,a is equal to the product A max,m × M a , the observed irradiance-elicited changes in A max,a must have resulted from variations in both A max,m and M a . Previous works in other tree species (e.g., Gulmon and Chu 1981 , Niinemets et al. 1998 , Rijkers et al. 2000 , Montpied et al. 2009 ), including fruit trees (Juglans regia L., Le Roux et al. 1999) , demonstrated that photosynthetic irradiance acclimation was dominated by changes in M a . However, comparison of these results with our findings indicates that there is no universal rule for the irradiance acclimation of photosynthetic capacity, as also suggested by Le Roux et al. (2001) , who found that changes in M a and shifts in leaf N partitioning were the main factors driving irradiance-induced changes in the leaf photosynthetic capacity in P. persica.
Light-saturated PNUE (PNUE max ) increased greatly with irradiance (Table 1) , a behavior that was reported by Coste et al. (2010) for rainforest tree species, but which contradicts the findings of Rijkers et al. (2000) who found no significant effect of vertical irradiance gradients and tree height on PNUE, and of Rosati et al. (1999) who found similar PNUE max in nectarine (P. persica) leaves irrespective of irradiance and N resources.
Unlike A max and PNUE max , WUE i plasticity to irradiance was slight, irrespective of the growth stage and irrigation regime (Table 1) . Changes in WUE i may occur if A max,a and g s,max respond differently to irradiance, but in our study both variables presented a similar degree of plasticity to local irradiance (Table 1) . These results contrast with previous findings (Hanba et al. 1997 , Aranda et al. 2007 , Craven et al. 2010 ) that indicated a positive response of WUE i to increasing irradiance, irrespective of water regime (Aranda et al. 2007 ). Irradiance-elicited changes of WUE i have been attributed to variations in leaf morphology (Aranda et al. 2007 ). Leaf morphological traits (e.g., M a ) were little affected by irradiance in almond leaves (Table 1) , which could explain the lack of response of WUE i to local irradiance in this species.
Do water stress regime and ontogeny affect irradiance plastic response?
The interaction irradiance × water regime was highly significant (P < 0.001) for A max , g s,max and PNUE max (Table 1) , as illustrated by the strong linear relationships between ε values of these traits and Ψ md ( Figure 5 ). These results are in contrast to those of previous work reporting independent effects of shade and water shortage on seedlings of different species (Sack and Grubb 2002 , Sack 2004 , Aranda et al. 2005 ), but agree with other work reporting the opposite response (Holmgren 2000 , Quero et al. 2006 ). In our study, the quasi-linear relationship found between the degree of plasticity to local irradiance of A max,a , A max,m , g s,max and g m and the magnitude of the relative gradient of irradiance (ε PPFD , Figure 6 ) suggested that leaf trait adjustments of shade leaves are tightly and locally driven by the amount of irradiance received by the leaf, irrespective of the water regime.
Except for leaf N (both area-and mass-based) and massbased Chl, ontogeny did not significantly affect the irradianceelicited plasticity of most of the studied leaf traits (Table 1) . This result supports previous findings which stressed that the degree of irradiance-elicited plasticity was independent of ontogeny in most of the leaf traits of two rain-forest tree species (Coste et al. 2009 ).
Processes involved in irradiance-elicited plasticity Changes in N partitioning
It is widely accepted that the acclimation of leaves to photosynthetic irradiance may result from changes (i) in N w , (ii) in M a and/or (iii) in leaf N partitioning (e.g., Robakowski et al. 2003) . Our finding that strong variations in A max within the almond Irradiance plasticity of almond leaf traits 459 Downloaded from https://academic.oup.com/treephys/article-abstract/32/4/450/1637361 by guest on 11 April 2019 canopy were associated with weak irradiance-elicited variations in N m and M a , (Table 1) agreed with previous results in peach trees (Le Roux et al. 2001) . Although irradiance-driven changes in leaf N partitioning are not universal (Le Roux et al. 1999 , Montpied et al. 2009 ), the high degree of plasticity of A max compared with that of N m and M a (Table 1) suggests that these changes also contributed to the photosynthetic irradiance acclimation of almond leaves (Le Roux et al. 2001) . As pointed out by Coste et al. (2010) , a likely hypothesis is that non-activated Rubisco accumulates under low irradiance playing a role as nitrogen storage (Warren et al. 2003) .
Mesophyll conductance plasticity
It is generally accepted that g m is lower in shade than in sun leaves (e.g., Piel et al. 2002 , Warren et al. 2007 , Flexas et al. 2008 , Montpied et al. 2009 ), thereby contributing, to some extent, to down-regulating photosynthesis under low irradiance. In our study, g m of FI trees was ~62% lower in shaded than in sunlit leaves (Figure 4a ). This g m reduction with decreasing irradiance is slightly larger (by ~10%) than that reported for J. regia (Piel et al. 2002) and Fagus sylvatica L. (Warren et al. 2007 ), but much larger than the modest 20-35% difference reported for P. persica, Citrus paradisi Macfad. (Lloyd et al. 1992) and Pseudotsuga menziesii Mirb. (Warren et al. 2003) . Warren et al. (2007) argued that species differences in irradiance-driven acclimation of g m result from differences in the acclimation magnitude of morphological and structural leaf traits, such that species with small differences in anatomical and morphological traits have correspondingly small differences in g m . Our findings demonstrate that this rationale is not always true, as the weak response of leaf structural traits to irradiance (Table 1) contrasted with the strong response of g m in almond leaves (Figure 6a ). This suggests that factors other than structural and morphological traits, possibly of a metabolic origin (Flexas et al. 2008) , are involved in the observed decrease of g m under low irradiance.
Leaf hydraulic conductance plasticity
Irradiance-induced changes in leaf hydraulic conductance (K leaf ) are well documented (Sack et al. 2003 , Cochard et al. 2007 ). In some experiments, these changes have been correlated with leaf conductance to water vapor Holbrook 2004, Lo Gullo et al. 2005) or with variables related to stomatal density (Sack et al. 2005) , whereas in others no correlation with stomatal aperture was observed (e.g., Cochard et al. 2007 ). In our experiment, the responsiveness of K s-l to the irradiance regime was similar to that of g s,max , g m and A max (see Figure S2 available as Supplementary Data at Tree Physiology Online), suggesting that changes in K s-l might play a role in water and carbon economy of shade leaves (Sack et al. 2003) . However, if stomatal limitation was mediated by K s-l in NW-leaves, the result would probably have been an increase in WUE i , as stomatal regulation due to environmental stimuli generally leads to enhanced WUE i accompanied by a decrease in g s,max (Egea et al. 2011b) . In almond leaves, the WUE i of S-and NW-leaves was similar irrespective of the irrigation regime ( Table 1 ), indicating that K s-lmediated stomatal limitation in NW-leaves is unlikely.
Conclusions
Our results showed that almond tree leaves exhibit a low degree of structural plasticity to both local irradiance and water stress, whereas photosynthetic and hydraulic traits are highly plastic to these changes. Over a range of water stress treatments, we found a quasi-proportional relationship between the degree of plasticity of leaf physiological traits and the magnitude of the relative gradient of local irradiance. As the latter is strongly dependent on crown structural changes induced by water stress, it is likely that water stress indirectly controls the irradiance-elicited plasticity of almond leaves through changes in the crown architecture and leaf area index. As water stress intensifies, almond trees present a more even distribution of withincrown irradiance, and hence of photosynthetic leaf traits.
Our results also confirmed that adjustments in M a , g m and, probably, in the partitioning of N content within the leaf are responsible for the irradiance acclimation of photosynthesis in almond trees.
The above findings are of interest for assessing the combined effect of water-stress and within-crown irradiance heterogeneity on the photosynthetic productivity of whole trees, and on a larger scale, on the carbon footprint of irrigated and non-irrigated orchards. Of note is that the need to account for spatial irradiance heterogeneity when estimating the tree carbon balance appears less necessary when dealing with trees acclimated to water stress, as they present a more uniform distribution of photosynthetic leaf traits.
Supplementary data
Supplementary data for this article are available at Tree Physiology Online.
